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ABSTRACT
Type IIb supernovae (SNe) are important candidates to understand mechanisms that drive the strip-
ping of stripped-envelope (SE) supernova (SN) progenitors. While binary interactions and their high
incidence are generally cited to favor them as Type IIb SN progenitors, this idea has not been tested
using models covering a broad parameter space. In this paper we use single- and binary-star models
at solar and low metallicities covering a broad parameter space to investigate the progenitors of and
evolutionary pathways to Type IIb SNe. We find that single and binary stars contribute roughly the
same as Type IIb SNe at solar metallicity. Binary stars only dominate as progenitors at low metal-
licity. We also find that our models can account for less than half the observationally inferred rate
for Type IIb SNe at high metallicity, making up < 4.5% of all core-collapse (CC) SNe. On the other
hand, our models can account for the rates currently indicated by observations at low metallicity,
making up 0.5 − 15% of all CC SNe. However, this requires low mass transfer efficiencies (∼ 0.1) to
prevent most progenitors from entering contact. We suggest that the stellar wind mass-loss rates at
solar metallicity used in our models are too high. Lower mass-loss rates would widen the parameter
space for binary Type IIb SNe at solar metallicity by allowing stars that initiate mass transfer earlier
in their evolution to reach CC without getting fully stripped.
Keywords: binaries: general – stars: evolution – stars: general – stars: massive – supergiants –
supernovae: general
1. INTRODUCTION
CC SNe are explosions marking deaths of stars with
zero-age main sequence (ZAMS) masses & 8M (see e.g.
Smartt 2009, for a recent review). Depending on the
absence or presence of hydrogen lines in supernova spec-
trum, SNe are classified into Type I or Type II, respec-
tively. The absence of hydrogen features in a Type I
CC SN spectrum is attributed to a progenitor star that
lacks its outer hydrogen layers. Type IIb SN progen-
itors exhibit ‘mild’ stripping of their outer layers, ini-
tially exhibiting prominent hydrogen spectral features
that weaken and disappear in the weeks following the
explosion. Type I CC (also known as Type Ibc) and
Type IIb SNe are therefore also referred to as SE SNe.
The mechanisms that drive the stripping and regimes in
which they dominate are still open questions. The lead-
ing candidates are close binary interactions (e.g., Podsi-
adlowski et al. 1992; Yoon et al. 2010, 2017), stellar winds
(e.g., Woosley et al. 1993; Georgy et al. 2012; Groh et al.
2013b), stellar rotation (e.g., Georgy et al. 2012; Groh
et al. 2013a,b), and nuclear burning instabilities (e.g.,
Arnett & Meakin 2011; Strotjohann et al. 2015).
Binary interactions were initially the favored channel
to strip stars due to the high observed binarity of Wolf-
Rayet stars. However, with spectroscopic UV observa-
tions indicating strong stellar winds that were sufficient
to strip stars (Chiosi et al. 1978), they became the pre-
ferred channel. The trend is now appearing to be re-
versing, with binary interactions gaining traction as the
preferred formation channel. This is due to a variety of
pieces of evidence. First, clumping in stellar winds sug-
gest that currently used mass-loss rates are too high; hot
wind mass-loss rates are lower by a factor of 2 − 3 than
currently used in stellar evolution calculations (Smith
2014; but also see Vink & Gräfener 2012). Second, re-
cent observations indicate that massive stars are predom-
inantly part of close binary systems (Sana et al. 2012;
Moe & Di Stefano 2017). Other indirect lines of support
for the binary interaction channel to SE SNe include the
fact that observed SE SN rates are too high to be ex-
plained solely by single-star evolution (Smith et al. 2011)
and very high inferred mass-loss rates for SE SN progen-
itors from X-ray/radio observations (Wellons et al. 2012;
Drout et al. 2016).
Type IIb SNe are of particular interest in understand-
ing formation channels to SE SNe because of a few rea-
sons. First, they are the only class within the group that
has several (five) identified progenitors1. Second, there
is evidence for the presence of a binary companion to the
progenitor in some cases (Fox et al. 2014; Folatelli et al.
2014a; Ryder et al. 2018). Finally, Type IIb SNe are
quite abundant, accounting for 10 − 12% of all CCSNe
and 30-40% of all SE SNe (Li et al. 2011; Smith et al.
2011; Shivvers et al. 2017).
SN 1993J is the prototypical Type IIb SN. Its pro-
genitor star was identified in ground-based pre-explosion
images by Aldering et al. (1994). They also found that
the SED had a blue component which they attributed to
either an OB association or a binary companion. Late-
time observations of the region provide strong direct evi-
1 The progenitor of Type Ib SN iPTF13bvn was identified by
Cao et al. (2013) and confirmed by its disappearance by Folatelli
et al. (2016). There is also a candidate for the progenitor of Type
Ic SN 2017ein (Van Dyk et al. 2018; Kilpatrick et al. 2018).
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dence for the presence of a companion star (Maund et al.
2004; Fox et al. 2014). SN 1993J is the best-studied Type
IIb SN to date, in part due to its proximity, being the
subject of several observational and theoretical investi-
gations. Since 1993, progenitors of four more Type IIb
SNe have been identified in pre-explosion images: SN
2008ax (Crockett et al. 2008; Folatelli et al. 2015), SN
2011dh (Maund et al. 2011; Van Dyk et al. 2011; Ben-
venuto et al. 2013), SN 2013df (Van Dyk et al. 2014;
Maeda et al. 2015), and SN 2016gkg (Kilpatrick et al.
2017; Tartaglia et al. 2017; Bersten et al. 2018). There
is also evidence for binary companions to the progeni-
tors of SN 2001ig and SN 2011dh (Fox et al. 2014; Ryder
et al. 2018; Folatelli et al. 2014a). The Galactic super-
nova remnant, Cassiopeia A, is known to be the result of
a Type IIb SN from spectra of light echoes (Krause et al.
2008; Rest et al. 2011). There is no bound companion to
the progenitor even at deep limits (Kochanek 2018).
Most early theoretical investigations into progenitors
of and evolutionary pathways to Type IIb focussed on
SN 1993J (e.g., Podsiadlowski et al. 1993; Woosley et al.
1994; Maund et al. 2004; Stancliffe & Eldridge 2009).
Chevalier & Soderberg (2010) studied a sample of Type
IIb SNe and suggested that they can further be classified
into two sub-types, compact and extended; compact (ex-
tended) Type IIb SNe have compact (extended) progen-
itors and exhibit high (low) radio shell velocities. How-
ever, this suggestion was challenged quickly by the dis-
covery of SN 2011dh exhibiting both rapidly expanding
radio shells (Soderberg et al. 2012) and an extended yel-
low supergiant (YSG) progenitor (Folatelli et al. 2014a).
Yoon et al. (2010) and Dessart et al. (2011) studied
progenitors of Type Ib/c SNe arising as a result of mass
transfer in close binary systems and found that some
of their Type Ib SN progenitors exploded with small
amounts of residual hydrogen. They suggested that these
progenitors may be classified as Type IIb SNe if detected
soon after explosion. Indeed, Folatelli et al. (2014b)
found that some Type Ib/c SNe were misclassified and
are actually Type IIb SNe and, more recently, Liu et al.
(2016) found significant overlap and a continuum in the
signatures of Type IIb and Ib SNe spectra.
Claeys et al. (2011) performed the first parameter
space search for single and binary progenitors of Type
IIb SNe and their companions. However, they restricted
their binary parameter search space to initial primary
masses 15M, initial secondary masses 10M − 15M,
initial orbital periods 800 − 2100 days, and solar metal-
licity. Groh et al. (2013a) and Groh et al. (2013b)
used solar-metallicity single-star non-rotating and rotat-
ing models and identified their 20−25M rotating mod-
els as potential Type IIb SN progenitors. Recently, Yoon
et al. (2017) undertook a wide parameter space search for
binary Type IIb and Ib SN progenitors, varying the ini-
tial primary-star mass from 10 − 18M, initial orbital
period from 10−3000 days, with initial mass ratio = 0.9
for two different metallicities, Z = 0.007 and 0.02. They
assumed only non-conservative mass transfer with mass
transfer efficiency of 0.2.
The advent of high-cadence surveys like the ZTF
(Bellm 2014; Bellm & Kulkarni 2017), ASSA-SN
(Kochanek et al. 2017), DLT40 (Valenti et al. 2017),
KAIT (Filippenko et al. 2001), and, at the turn of the
decade, LSST (Tyson 2002; Ivezic et al. 2008) have cre-
ated the need for a comprehensive database of theoreti-
cal models to provide reliable progenitor characterization
and in the case of binary progenitors, their companions.
In turn, the wealth of observational information that is
expected to be available in the future will allow us to
test our models and improve our understanding of the
physics governing various transient phenomena. Moti-
vated by this need, in a two-paper study, we investigate
the progenitors (their evolutionary pathways, rates, and
properties) of Type IIb SNe (henceforth referred to as
SNe IIb) using a comprehensive parameter space study.
Our study yields a comprehensive database of full evolu-
tionary histories of non-rotating single- and binary-star
progenitors of SNe IIb at solar and sub-solar metallic-
ities. This paper is dedicated to investigating the pa-
rameter space and evolutionary pathways to SNe IIb.
In addition, our parameter space coverage allows us to
compute theoretical Type IIb SN (henceforth referred to
as SN IIb) rates. The second paper will be dedicated
to investigating the observable properties of the SN IIb
progenitors presented here.
This paper is organized as follows. In Section 2 we pro-
vide a detailed description of our models. In Section 3 we
outline our definitions for identifying SN IIb progenitors
and method to compute rates. In Section 4.1 we describe
the parameter space for SN IIb progenitors at solar and
sub-solar metallicities. In Section 4.2 we discuss key evo-
lutionary channels, and governing physics, towards SNe
IIb. In Section 4.3 we provide predicted rates for SNe
IIb as a fraction of all CC SNe. We conclude in Section
5. We present numerical tests in the Appendix.
2. STELLAR MODELS
We use Modules for Experiments in Stellar Astro-
physics (MESA Release 9575; Paxton et al. 2011, 2013,
2015, 2018) to compute a large grid of non-rotating
single- and binary-star models at solar (Z) and 1/4 so-
lar (which we henceforth refer to as ‘low metallicity’)
metallicities. We choose the latter to represent nearby
low metallicity environments, i.e. between the Large
and Small Magellanic Cloud metallicities. We adopt the
value2 of Z = 0.02 to allow comparison of our results
with earlier studies. We assume that helium abundance
increases linearly from its primordial value Y = 0.2477
(Peimbert et al. 2007) at Z = 0.0 to Y = 0.28 at Z =
0.02 (Brott et al. 2011). In the following, we summarize
the properties of our models.
We use the basic.net, co_burn.net, and
approx21.net nuclear networks in MESA. We use ra-
diative opacities tables from the OPAL project (Iglesias
& Rogers 1996). We model convection using the stan-
dard mixing-length theory (MLT; Böhm-Vitense 1958;
Cox & Giuli 1968), adopting the Ledoux criterion, with
the mixing length parameter, αMLT, set to 1.5. However,
during late stages of massive star evolution, regions in
convective envelopes can approach the Eddington limit
with convective velocities nearing the sound speed, which
is inconsistent with the assumptions of standard MLT.
Since the treatment of the physics in these regimes is a
subject of active research, we currently employ a differ-
ent treatment of convection in MESA, known as MLT++
2 We note that the exact value of Z is not settled (see e.g.,
Asplund et al. 2009; Vagnozzi et al. 2017).
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Table 1
Initial properties of solar- and low-metallicity models
Solar Metallicity Low Metallicity
Type Property min max interval min max interval
Single Stars log10(MZAMS/M) 1.3445 1.4090 0.0005 1.7 – –
log10(MZAMS,1/M) 1.00 1.40 0.02 1.00 1.40 0.02
Binary Stars qZAMS 0.225 0.975 0.05 0.225 0.975 0.05
1.0 2.6 0.1
log10(Porb/d) 2.5 3.8 0.02 +
2.7 3.7 0.02
(1) MZAMS,1: Initial primary mass
(2) qZAMS ≡MZAMS,2/MZAMS,1: Initial mass ratio
(3) Porb: Initial orbital period
(Section 7.2, Paxton et al. 2013), that artificially reduces
the super-adiabacity in these regions, implying unspec-
ified additional energy transport. We model overshoot-
ing by extending the hydrogen-burning convective core
boundary determined by the Ledoux criterion by 0.335 of
Hp (Brott et al. 2011). We assume negligible overshoot-
ing for all other convective regions. Semi-convection oc-
curs when a region that is unstable according to the
Schwarzschild criterion is stabilized by a composition
gradient It has an important, yet ill-constrained, effect
on the evolution of massive stars (Langer 1991). MESA
uses the formulation of Langer et al. (1983) to model
semi-convection. We adopt the value of the dimension-
less free-parameter αsc to be 1.0 (Yoon et al. 2006). Simi-
larly, thermohaline mixing can also cause additional mix-
ing by rendering a region that is stable according to the
Ledoux criterion unstable due to a negative composition
gradient. This phenomenon has an important effect on
the evolution of accretors in close binary systems (e.g.,
Stancliffe et al. 2007). MESA uses the formulation of Kip-
penhahn et al. (1980) to model thermohaline mixing. We
adopt the value of the dimensionless free-parameter αth
to be 1.0.
We use luminosity, effective temperature (Teff), surface
hydrogen mass fraction (Xsurf), and metallicity depen-
dent stellar winds. When Teff ≥ 1.1 × 104 K we adopt
the prescription of Vink et al. (2001) when Xsurf ≥ 0.4
and that of Nugis & Lamers (2000) otherwise. When
Teff ≤ 104 K we adopt the prescription of de Jager et al.
(1988) scaled by (Z/Z)0.85, to match the metallicity
scaling of Vink et al. (2001), where Z is the initial metal-
licity of a model. For comparison, the prescription of
Nugis & Lamers (2000) scales as the square-root of sur-
face metallicity. When 104 K < Teff < 1.1 × 104 K we
interpolate between the results for Teff ≥ 1.1×104 K and
Teff ≤ 104 K.
We use the binary module of MESA to model binary
stars. We adopt the ‘implicit’ mass transfer scheme (Pax-
ton et al. 2015) and the prescription of Kolb & Ritter
(1990) to compute the mass transfer rate due to Roche-
lobe overflow (RLO). The mass lost from the primary
due to RLO is transferred to the secondary with an ef-
ficiency (ratio of mass accreted by the secondary to the
mass transferred via RLO by the primary), , that we
assume to be constant during the entire evolution. We
assume that the remaining mass is lost from the vicin-
ity of the accretor as its stellar winds. Stellar winds
are assumed to carry away the specific angular momen-
tum of the mass losing stars. We require that primaries
transfer at least 1% of their initial mass in RLO to qual-
ify as ‘binary’ progenitors. This is to exclude effectively
non-interacting binary-star models that largely resemble
their single star analogs. We show in Section 4.3 that
the exact criterion for selecting ‘binaries’ does not effect
our inferences for progenitor channels and derived rates
significantly. Finally, we assume all initial orbits to be
circular.
We start the evolution of every star at the zero-age
main sequence (ZAMS). We terminate the evolution if
any one of these conditions are met: (1) the central car-
bon mass fraction drops below 10−6 for solar-metallicity
models and 10−3 for low-metallicity models, in which
case we assume the star has reached CC3, (2) if the
hydrogen-envelope mass drops below 0.01M, in which
case we assume the star is stripped and will explode as a
Type Ibc SN, or (3), in binaries, the system evolves into
contact, in which case we assume a merger ensues. We
assume the surface properties of the star at this stage
match the pre-SN state. While this is plausible, recent
work suggests that waves can efficiently transport energy
outwards during core neon and oxygen burning stages.
This could result in outbursts and large fluctuations in
surface properties of the star in the years or months lead-
ing to CC (Quataert & Shiode 2012; Shiode & Quataert
2014; Fuller 2017).
In the following subsections and Table 1 we summa-
rize the parameter space for our single- and binary-star
models at solar and low metallicities. All necessary
MESA input files to reproduce our models are available
at https://github.com/niharika-sravan/IIb_progenitors.
2.1. Solar-Metallicity Models
We compute solar-metallicity single-star models with
initial mass, log10(MZAMS/M) = 1.3445 – 1.409
(MZAMS/M ' 22 – 26) in intervals of 0.0005 dex.
The model with log10(MZAMS/M) = 1.409 is the most
massive solar-metallicity single-star model that is not
3 After modeling our solar-metallicity models we found we could
stop the evolution of our models earlier and used it in our low-
metallicity models. See the Appendix where we evolve representa-
tive solar- and low-metallicity models to advanced nuclear burning
stages.
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stripped before reaching CC (see above for our defini-
tions of stripping and CC).
We compute solar-metallicity binary-star models with
initial primary mass, log10(MZAMS,1/M) = 1.0 – 1.4
(MZAMS,1/M ' 10 – 25) in intervals of 0.02 dex, ini-
tial mass ratio, qZAMS ≡ MZAMS,2/MZAMS,1 = 0.225
– 0.975 in intervals of 0.05, and initial orbital period,
log10(Porb,ZAMS/d) = 2.5 – 3.8 (Porb,ZAMS/d' 316 –
6310) in intervals of 0.02 dex. We only consider case
B or later mass transfer (i.e. mass transfer after core
hydrogen exhaustion) in this work; a systematic investi-
gation of case A mass transfer (i.e. mass transfer before
core hydrogen exhaustion) towards SNe IIb is beyond the
scope of this paper and would be an interesting line of
future investigation. Thus the upper limit on the ini-
tial primary mass is set to the mass of the most mas-
sive single-star model that is stripped by its own stellar
winds (MZAMS = 25.6M), since case B or later mass
transfer will only result in additional mass loss as the
core is already established. We compute the models for
 = 1.0 (fully conservative mass transfer), 0.5, 0.1 and
0.01. Models with  = 0.5 and 0.1 are the same as those
analyzed in Sravan et al. (2018).
2.2. Low-Metallicity Models
We compute a low-metallicity single-star model with
initial mass, log10(MZAMS/M) = 1.7 (MZAMS/M '
50). Models with log10(MZAMS/M) > 1.7 take pro-
hibitively long to compute. However, we show in Section
4 that we are still able to draw meaningful conclusions
regarding progenitor channels towards SNe IIb at low
metallicity.
We compute low-metallicity binary-star models with
the same initial primary masses and initial mass ratios as
at solar. However, we use coarse (0.1 dex) and fine (0.02
dex) intervals for initial orbital periods below and above
log10(Porb,ZAMS/d) = 2.7 (Porb,ZAMS ' 501 days), re-
spectively, to reduce computational demand at short pe-
riods while adequately resolving progenitors experiencing
late case B and case C (mass transfer after core helium
exhaustion) mass transfer at long periods. Once again,
our coverage of the range in orbital periods does not cap-
ture case A mass transfer. We limit the initial primary
mass to MZAMS,1 ' 25M, even though our single-star
models at low metallicity retain large envelopes at this
mass, due to computational reasons. However, we show
in Section 4.3 that potential SN IIb progenitors with
MZAMS,1 & 25M are relatively very few and do not
affect our inference for progenitor channels significantly.
We compute all the aforementioned low-metallicity mod-
els for  = 0.5 and 0.1. We do not use  = 1.0 and 0.01,
because, as we show in Section 4.1, the parameter spaces
at  = 0.01 and 0.1 are quite similar and the parameter
space at  = 1.0 is quite small at solar metallicity. In ad-
dition, mass transfer is expected to be non-conservative
due to rapid spin-up of the secondary to critical rotation
during mass transfer (Packet 1981; Petrovic et al. 2005;
Ritchie et al. 2012, also see Popham & Narayan (1991)
for a counter argument).
3. METHOD TO INVESTIGATE TYPE IIb
SN PROGENITORS
Models described in Section 2 with primaries that
reach CC with residual hydrogen envelope mass4
0.01M ≤ MH env,preSN(,1) ≤ 1M are defined as SN
IIb progenitors. This is our fiducial definition. The
upper limit on the residual hydrogen envelope mass
is a generous one since inferred values for it for SNe
IIb with detected progenitors are . 0.5M(Woosley
et al. 1994; Houck & Fransson 1996; Bersten et al.
2012; Morales-Garoffolo et al. 2014; Arcavi et al. 2017;
Bersten et al. 2018). SNe IIb with detected progeni-
tors have the most massive and thus most extended en-
velopes (Yoon et al. 2017) among all SN IIb progeni-
tors, as more compact progenitors would be harder to
detect. Further, the cooling envelope feature in the SN
IIb light curve would be harder to detect for more com-
pact progenitors as it decreases with decreasing enve-
lope radius/mass (Moriya et al. 2016). However, we
also apply cuts on the residual hydrogen envelope mass
(0.01M ≤ MH env,preSN(,1) ≤ 0.5M) and helium core
mass (2M ≤ MHe core,preSN(,1) ≤ 6M; Nomoto et al.
1993; Woosley et al. 1994; Morales-Garoffolo et al. 2014;
Ergon et al. 2014; Folatelli et al. 2015; Ergon et al. 2015)
motivated by values derived for them for SNe IIb with
detected progenitors.
We assume the following fiducial distributions of bi-
nary fraction, ZAMS mass, initial mass ratio, and initial
orbital period. We assume the distribution of the frac-
tion of binary systems, fbin, is flat with respect to ZAMS
mass, initial mass ratio, and initial orbital period. The
distribution of initial mass, MZAMS, of all stars is as-
sumed to be the Salpeter IMF (Salpeter 1955)
f(MZAMS) = (MZAMS)
−α. (1)
We assume that the minimum ZAMS mass to undergo
CC is 8M (Woosley et al. 2002; Smartt 2009). We adopt
a power-law distribution for the initial mass ratio, qZAMS,
f(qZAMS) = (qZAMS)
β . (2)
We assume that it is valid between 0.2 ≤ qZAMS ≤ 1.0
(Kobulnicky et al. 2014). Finally, we assume a power-law
distribution for the initial orbital period, log10 Porb,ZAMS,
f(log10 Porb,ZAMS) = (log10 Porb,ZAMS)
γ . (3)
We assume that it is valid 0.15 ≤ log10(Porb,ZAMS/d) ≤
3.80 (the upper limit on the initial orbital period modeled
in this work). Note that while massive binary properties
are observed to be relatively insensitive to metallicity
only between solar and Large Magellanic Cloud metal-
licities (and initial orbital periods from 1–1000 days;
Almeida et al. 2017), we assume that they are preserved
down to a fourth-solar.
We use several values of fbin, α, β, and γ. For fbin we
use 0.25, 0.5, 0.65, and 0.8. The first two are to allow
comparison of our results against those of Claeys et al.
(2011), while the last two are the upper and lower limits
on fbin found by Kobulnicky et al. (2014). For α we use
1.6, 2.3, 3.0 to capture the range in alpha (Kroupa 2001;
Schneider et al. 2018). For β we use -1.0 (negative val-
ues of β favor binaries with low qZAMS or unequal binary
4 The hydrogen envelope-helium core boundary is defined as the
outermost point where the hydrogen mass fraction ≤ 0.01 and the
helium mass fraction ≥ 0.1.
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Figure 1. Parameter space for binary SN IIb progenitors at solar metallicity. Horizontal panels show models with representative qZAMS ≡
MZAMS,2/MZAMS,1 (noted to the bottom-left in the left-most panels) demonstrating how the parameter space changes with qZAMS. Vertical
panels from left to right show models with mass transfer efficiency,  = 1.0 (fully conservative mass transfer), 0.5, 0.1 and 0.01. The color
scale shows the probability density using our fiducial distributions for initial properties of binary stars (see Section 3). The dotted regions
show the parameter sub-space using the criterion 0.01M ≤ MH env,preSN(,1) ≤ 0.5M to define SN IIb progenitors. The progenitor
parameter space decreases with qZAMS and decreases more with decreasing  as discussed in Section 4.2.
component masses) and 0.0. β = 0.0 is according Kobul-
nicky et al. (2014) and β = −1.0 is to allow comparison
of our results against those of Claeys et al. (2011). For γ
we use 0.0 and -0.22. The first is Öpik’s law (Öpik 1924),
while the second is according Kobulnicky et al. (2014).
Note that, though the distribution of Kobulnicky et al.
(2014) is only valid up to Porb,ZAMS = 2000 days, we as-
sume that it holds up to ' 6310 days. However, we note
that we find good agreement with SN IIb rates computed
using the distributions of Moe & Di Stefano (2017, dis-
cussed next) that are valid for larger values of Porb,ZAMS.
We adopt fbin = 0.5, α = 2.3, β = -1, and γ = −0.22 as
our fiducial values.
In addition to the simple distributions discussed above,
we also consider recent distributions derived by Moe &
Di Stefano (2017) to calculate SN IIb rates. We simu-
late a large population (106 samples) of single and bi-
nary stars with initial (in binary systems, primary) mass
MZAMS ≥ 8M using a Monte Carlo technique and use
the simulated population to compute rates. For this we
assume a Salpeter IMF with different values of α = 1.6,
2.3, and 3.0.
4. RESULTS ON SN IIb PROGENITORS
4.1. Parameter Space
We use models described in Section 2, method de-
scribed in Section 3, and fiducial values of fbin (0.5),
α (2.3), β (-1.0), and γ (-0.22) to examine the parameter
space for single- and binary-star SN IIb progenitors at
solar and low metallicities.
All solar- and low-metallicity single-star models de-
scribed in Sections 2.1 and 2.2 and listed in Table 1
are SN IIb progenitors using our fiducial definition.
However, because MHe core,preSN(,1) = 26M for our
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Figure 2. Parameter space for binary SN IIb progenitors at low
metallicity. Horizontal panels show models with representative
qZAMS (noted to the top-left in the left-most panels) demonstrat-
ing how the parameter space changes with qZAMS. Left and right
vertical panels show models with mass transfer efficiency,  = 0.5
and 0.1, respectively. The color scale and dotted regions have the
same meaning as in Figure 1. The gap in the parameter space
between log10(Porb,ZAMS/d) ' 1.5(2) − 3 when  = 0.5 is due to
the occurrence of contact in the binaries (described in Section 4.2).
The presence of SN IIb progenitors with short initial orbital pe-
riods and qZAMS = 0.975 when  = 0.5 is due to rejuvenation in
secondaries (see Section 4.2).
least massive low-metallicity model (MZAMS/M ' 50),
we do not expect that these and more massive mod-
els will explode as SNe and instead collapse directly
into black holes (Fryer 1999). Using the tighter cut
0.01M ≤ MH env,preSN(,1) ≤ 0.5M models with
MZAMS ' 23 − 25.5 M at solar metallicity are SN IIb
progenitors. However, because we only compute low-
metallicity single-star models up to MZAMS ' 50 M
(which is the least massive SN IIb progenitor using our
fiducial definition; see Section 2), we are unable to de-
lineate corresponding parameter space at low metallic-
ity using this cut. On the other hand, applying the
2M ≤ MHe core,preSN(,1) ≤ 6M cut qualifies no single
stars, either at solar or low metallicity, as SN IIb pro-
genitors: MHe core,preSN(,1) = 9.5 (26)M for the least
massive SN IIb progenitor (using our fiducial definition)
at solar (low) metallicity.
Figures 1 and 2 show the parameter space for binary
SN IIb progenitors (using our fiducial definition) at solar
and low metallicity, respectively. The parameter space
increases dramatically with decreasing metallicity. This
is because of difference in models that initiate mass trans-
fer on the Hertzsprung Gap (HG). After the mass trans-
fer phase, primary stars at both metallicities detach with
small amounts of residual hydrogen envelopes, with those
at lower metallicities retaining more massive envelopes
(Götberg et al. 2017). During the core helium burning
phase, strong winds at solar metallicity successfully strip
the primary. However, at low metallicities, winds are too
weak to complete the stripping and the primary stars ex-
plode as SNe IIb. This was also shown by Yoon et al.
(2017) who found that decreasing mass-loss rates gives
roughly analogous results to those from decreasing metal-
licity. Because of the large change in primary radius that
occurs when crossing the HG, the range of initial orbital
periods that permit mass transfer during this phase is
very broad.
The parameter space decreases with increasing  at
both metallicities. This is because of increasing likeli-
hood of contact in the binaries when the secondary is un-
able to thermally relax with its acquired mass at higher
 (Braun & Langer 1995). The parameter space at solar
metallicity and when  = 0.1 and 0.01 is quite similar.
The parameter space generally decreases with qZAMS
due to increasing liklihood of contact in the binaries.
By extension, the parameter space decreases more with
qZAMS at lower , as more material leaving the system
carrying its orbital momentum causes the orbit to shrink
faster, promoting conditions for the development of con-
tact or unstable mass transfer (see Section 4.2 and Figure
4 for details).
The parameter space with qZAMS . 0.4 is almost
entirely progenitors with MH env,preSN(,1) ≤ 0.5M
at both metallicities. Applying the cut 2M ≤
MHe core,preSN(,1) ≤ 6M, effectively excludes the param-
eter space aboveMZAMS,1 ' 16M at both metallicities.
This is because the core is already established before the
onset of interaction in the binary-star models considered
in this work (see Section 2.1).
4.2. Evolutionary Channels
4.2.1. Solar Metallicity
Top panels of Figure 3 show typical evolutionary path-
ways via case B and C mass transfer to SNe IIb at solar
metallicity. Case C mass transfer for SNe IIb is impor-
tant for lower primary masses as these expand signifi-
cantly after core helium exhaustion. However, this chan-
nel is only possible for a narrow range in initial orbital
periods that shrinks with increasing primary mass.
The viability of both channels mentioned above de-
pends on the initial mass ratio and the efficiency of mass
transfer in the binary. As shown in Figure 4, lowering
qZAMS leads to systems that evolve into contact during
mass transfer rather than to SNe IIb. Similarly, binary-
star models with high  (but similar qZAMS) are more
likely to end up in contact as the larger mass trans-
fer rates leads to faster expansion of the accretors. As
pointed out in Section 4.1, this results in the SN IIb
parameter space decreasing with qZAMS and decreasing
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Figure 3. Hertzsprung-Russell (H-R) diagrams showing typical evolutionary pathways to binary (red: primary and blue: secondary) SN
IIb progenitors at solar (top panels) and low (bottom panels) metallicities. Mass transfer (shown using thicker lines) is defined to be taking
place when mass transfer rate due to RLO is ≥ 10−6M yr−1. Circles, triangles, and squares denote points when H1, He4, and C12
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more at lower .
4.2.2. Low Metallicity
Bottom panels of Figures 3 and 5 show typical evolu-
tionary pathways via case B and C mass transfer to SNe
IIb at low metallicity. Properties of case C mass transfer
are similar to those at solar metallicity. However, there
is a drastic difference in the channels available via case
B mass transfer. While the pathways via mass trans-
fer starting when the primary is ascending on the giant
branch remains similar at both solar and low metallicites,
there are additional pathways available at low metallicity
when the primary initiates mass transfer when crossing
the HG. This is discussed in detail in Section 4.1 and is
primarily a consequence of the scaling in wind mass-loss
rates with metallicity.
As is for solar metallicity, the viability of all above men-
tioned channels depends on the initial mass ratio and the
efficiency of mass transfer in the binary, decreasing with
decreasing qZAMS and increasing  as described above.
However, the latter has a much more dramatic effect at
low metallicity for binary-star models that initiate mass
transfer when the primary is crossing the HG. Figures 5
and 6 show the difference in evolution when mass transfer
begins late on the HG for different . When the primary
initiates mass transfer on the HG it transfers mass on
its thermal timescale, which is shorter later on the HG
(Wellstein et al. 2001). If the mass transfer efficiency
is high enough that accretion occurs significantly faster
than the thermal timescale of the secondary then the bi-
nary will enter contact.
At very high initial mass ratio (qZAMS = 0.975) at
low metallicity there are a couple of interesting devia-
tions from the standard channels described above. First,
as can be seen from Figures 1 and 2, majority of case
B and C SN IIb progenitors with high initial mass ra-
tios and  = 0.5 expected at low metallicity from solar-
metallicity models enter contact. Second, there is an ab-
sence of SN IIb progenitors with short orbital periods and
qZAMS = 0.975 at = 0.1. Figure 7 shows the evolution of
two binary-star models with qZAMS = 0.975 and different
. Initially, both secondaries have similar evolutionary
timescales to their primaries. In the model with  = 0.1,
the secondary accretes relatively small amounts of mass
(keeping it essentially undisturbed) and quickly follows
the primary in its evolution: exhausting hydrogen in its
center, expanding as it leaves the main-sequence, and en-
tering contact. However, in the model with  = 0.5, the
secondary accretes enough mass to rejuvenate, allowing
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Figure 4. Left: H-R diagrams showing evolution of representative solar-metallicity binary-star models that avoid (top) or enter (bottom)
contact due to difference in qZAMS. Line colors, line weights, and symbols have the same meaning as in Figure 3. Right: Evolution of mass
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the primary to evolve to CC before the secondary leaves
the main-sequence.
4.3. Rates
We use models described in Section 2 and method de-
scribed in Section 3 to compute SN IIb rates at solar and
low metallicities. We assume that all secondaries explode
as SNe and that none of them are of Type IIb. These as-
sumptions are likely true for majority of the secondaries
considered in this work. Possible exceptions include (1)
secondaries with ZAMS masses . 8M that do not ac-
crete much mass, (2) solar-metallicity secondaries with
ZAMS masses ' 22−26M that are mostly undisturbed
(see Section 4.1), i.e. accrete or lose very little mass due
to binary interactions (even after the primary star ex-
plodes as a SN), and (3) secondaries with ZAMS masses
' 8 − 23M that undergo significant mass loss due to
binary interactions after the primary star explodes. The
assumptions yield a lower limit on the estimate for SN IIb
rates. Conversely, the upper limit, assuming that none of
the secondaries explode as SNe, can be obtained by mul-
tiplying the lower limit by (1+ fbin). Since we only have
a lower limit on the single-star ZAMS mass at low metal-
licity that is a SN IIb using our fiducial definition, we as-
sume that the mass range for single-star low-metallicity
SN IIb progenitors is the same as that at solar (0.0645
dex). For the same reason we are unable to delineate the
parameter space for single-star SNe IIb at low metallicity
using only the cut 0.01M ≤MH env,preSN(,1) ≤ 0.5M.
Tables 3 and 4 list single- and binary-star (with  =
0.5 and 0.1) SN IIb rates at solar and low metallicity,
respectively, for all values for fbin, α, β, and γ and all
four definitions for SN IIb progenitors outlined in Section
3. Similarly, Table 5 lists single- and binary-star (with 
= 0.5 and 0.1) SN IIb rates at solar and low metallicity,
computed using the distributions of Moe & Di Stefano
(2017) and method described in Section 3, for all values
for α and all four definitions for SN IIb progenitors. For
these we provide the lower and upper limits on the rates,
assuming that all or none of the secondaries explode as
SNe, respectively. The rates are typically 2-5 times lower
than those from our fiducial priors (applying fbin = 0.88;
value for the simulated population using the distributions
of Moe & Di Stefano (2017)).
Our SN IIb rates are consistent with the results of
Claeys et al. (2011): for  = 0.5, fbin = 0.5, β = 0.0,
and γ = 0.0, we compute a binary-star SN IIb rate
of 0.35 − 0.55%, while Claeys et al. (2011) estimated
0.7%. The rates increase by < 0.01% when we re-
quire that primary stars transfer at least 0.1% (instead
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Table 2
Theoretical versus observationally inferred SN IIb rates
Theoretical (this paper) Observational
metallicity single binary single+binary
high (Z) 0− 3.5 0− 2 0− 4.5 10− 12 a,b,c
low (Z/4) 0− 1.5 0.5− 14 0.5− 15 20 c,d
References. — a Li et al. (2011); b Smith et al. (2011); c Graur
et al. (2017); d Arcavi et al. (2010)
Note. — SN IIb rate is defined as fraction of SNe IIb vs all CC SNe
percent.
of 1% in our fiducial assumption) of their initial mass
in RLO. The low-metallicity rates are more strongly ro-
bust to this definition; there are relatively few mildly
interacting binaries at low metallicity. As mentioned
in Section 2.2, we limit the initial primary mass to
MZAMS,1 ' 25M in our low-metallicity models even
though the corresponding single-star models retain large
envelopes. We find that ‘potential’ low-metallicity SN
IIb progenitors with MZAMS,1 & 25M (qZAMS = 0.4 –
1.0 and log10(Porb,ZAMS/d) = 3.0 – 3.7) contribute at
most < 1% in rates.
Table 2 summarizes our results for SNe IIb rates. The
upper limit on the single (binary) SN IIb rate corre-
sponds to those from favorable priors [fbin = 0.25 (0.8),
α = 2.3], assuming that none of the secondaries explode
as SNe, and, at low metallicity, adding ‘potential’ pro-
genitors with MZAMS,1 & 25M. The upper limit on
the total solar (low) metallicity SN IIb rate corresponds
to those from favorable priors [fbin = 0.25 (0.8), α =
2.3], assuming that none of the secondaries explode as
SNe, and, at low metallicity, adding ‘potential’ progen-
itors with MZAMS,1 & 25M. We note that our binary
SN IIb rates at low metallicity represent lower limits as
we do not compute progenitors arising via case A mass
transfer. We do not expect SN IIb progenitors arising
via case A mass transfer at solar metallicity because the
residual hydrogen envelope after the mass transfer phase
will be roughly as massive as that for binary stars that
initiate mass transfer on the HG (Götberg et al. 2017)
and will therefore also be stripped before CC.
Overall, our model (single and binary) SNe IIb con-
tribute to 0− 4.5% and 0.5− 15% of all CC SNe at solar
and low metallicity, respectively. SN IIb rates from ob-
servations is 10− 12% (Li et al. 2011; Smith et al. 2011;
Shivvers et al. 2017) at high metallicity. Therefore, our
models can account for less than half the observation-
ally inferred rate at high metallicity. On the other hand,
there is evidence that SN IIb rates may be higher in
lower than LMC-mass galaxies (Arcavi et al. 2010; Graur
et al. 2017). Note that observationally inferred rates as a
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Figure 6. Mass accretion rate (solid line) and radius (dashed line) as a function of age of the secondary for the corresponding models
in Figure 5. In these models, mass transfer occurs on the thermal timescale of the primary (and proportional to the primary radius).
When higher mass transfer rates (for larger primary radii later on the HG) are compounded by higher accretion efficiencies, the secondary
approaches a limit, acquiring mass significantly faster than its thermal timescale. This results in its radius increasing dramatically, as in
the top-right model, and the binary entering a contact phase.
function of galaxy mass/metallicity should be interpreted
with caution as they are affected by small sample sizes.
However, if this trend holds up in future investigations
using large sample sizes, our models can account for most
of the implied SNe IIb rates at low metallicity (∼ 20%,
Arcavi et al. 2010; Graur et al. 2017).
5. CONCLUSIONS
In this paper, we use non-rotating single- and binary-
star models at solar and low metallicities to investigate
progenitors of SNe IIb. We find that the parameter space
for single-star SN IIb progenitors decreases and that for
binary-star SN IIb progenitors increases with decreasing
metallicity. This difference is a consequence of the scal-
ing in stellar winds with metallicity. We also find that
the parameter space of SNe IIb increases with decreasing
efficiency of mass transfer.
Binary interactions and their high incidence are gen-
erally cited to resolve the high observed fraction of SNe
IIb. However, we find that single and binary stars con-
tribute roughly the same (singles slightly more) to SNe
IIb at solar metallicity. Binary stars only dominate as
SN IIb progenitors at low metallicity. In addition, at
high metallicity, neither single nor binary stars nor both
can account for the observed fraction of SNe IIb. Our
models are only able to account for SNe IIb rates cur-
rently indicated by observations at low metallicity. We
note that the above issues are exacerbated when we ap-
ply more restrictive definitions for SNe IIb progenitors as
indicated from analysis of individual events (e.g. residual
hydrogen envelope and helium core mass).
These results have the following implications for pro-
genitor channels to SNe IIb:
1. At solar metallicity, the wind mass-loss rate needs
to be lower than those used in our models.
2. We require low mass transfer efficiencies to ex-
plain observed SN IIb rates: solar (low) metallicity
binary-star SNe IIb with  = 0.5 contribute to <1%
(5%) of CC SNe.
Our study indicates that to address the question of
progenitors of SNe IIb we still need four pieces of infor-
mation: (1) SN IIb rates as a function of metallicity, (2)
better constraints on structural properties of SN IIb pro-
genitors, (3) robust distributions for single- and binary-
star properties, and (4) accurate determinations of mass-
loss rates for stripped stars.
We would also like to thank Mads Sørensen for provid-
ing a Python version of Maxwell Moe’s script to simulate
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Figure 7. Left: H-R diagrams showing evolution of representative low-metallicity binary-star models with high mass ratios and  = 0.5
(top) and  = 0.1 (bottom). Line colors, line weights, and symbols have the same meaning as in Figure 3. Right: Evolution of central
hydrogen mass fraction in the secondary as a function of binary age for the corresponding models on the left. The secondary in the model
with  = 0.1 acquires very little mass during mass transfer, exhausts hydrogen in its center, expands as it leaves the main-sequence and
enters contact. However, the secondary in the model with  = 0.5 acquires enough mass to rejuvenate, allowing the primary to evolve to
CC.
a population of stars from distributions of Moe & Di Ste- fano (2017).
APPENDIX
NUMERICAL TESTS
We stop the evolution of our single- and binary-star models close to core carbon depletion (according to the definitions
in Section 2) and assume that their global characteristics of interest when investigating SN IIb progenitors are roughly
the same until CC. To confirm that this is indeed the case, we run representative binary-star models at solar (case
B mass transfer type)and low (also investigated in Section 4.2 and Figures 5 and 6) metallicity until central silicon
mass fraction drops below 10−6 (at which point the models are a few hours from CC) and check whether the primary
hydrogen envelope and helium core mass and H-R locations of both components differ significantly at this later
evolutionary stage.
Figure 8 shows the result of this test. We find that both models have converged by the fiducial evolutionary
stopping criterion used in this work to that at the more advanced evolutionary stage for all properties relevant to our
investigation.
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Table 3
SN IIb rates at solar metallicity
MHe core ≥ 0M 2M ≤MHe core ≤ 6M
MH env ≤ 1.0M MH env ≤ 0.5M MH env ≤ 1.0M MH env ≤ 0.5M
fbin α β γ single binary single binary single binary single binary
 = 0.5  = 0.1  = 0.5  = 0.1  = 0.5  = 0.1  = 0.5  = 0.1
-1.0 0.0 2.84 0.14 0.21 1.92 0.11 0.16 0.00 0.12 0.17 0.00 0.08 0.13
1.6 -0.22 2.84 0.12 0.18 1.92 0.09 0.14 0.00 0.10 0.14 0.00 0.07 0.11
0.0 0.0 2.84 0.20 0.33 1.92 0.14 0.26 0.00 0.16 0.26 0.00 0.10 0.20
-0.22 2.84 0.17 0.28 1.92 0.12 0.22 0.00 0.13 0.22 0.00 0.09 0.17
-1.0 0.0 2.83 0.22 0.31 1.88 0.16 0.24 0.00 0.18 0.26 0.00 0.13 0.20
0.25 2.3 -0.22 2.83 0.18 0.27 1.88 0.13 0.21 0.00 0.15 0.23 0.00 0.11 0.17
0.0 0.0 2.83 0.29 0.49 1.88 0.20 0.38 0.00 0.24 0.41 0.00 0.16 0.31
-0.22 2.83 0.25 0.42 1.88 0.17 0.32 0.00 0.20 0.35 0.00 0.13 0.27
-1.0 0.0 2.04 0.23 0.34 1.33 0.17 0.26 0.00 0.21 0.30 0.00 0.14 0.22
3.0 -0.22 2.04 0.20 0.29 1.33 0.14 0.22 0.00 0.17 0.26 0.00 0.12 0.19
0.0 0.0 2.04 0.32 0.53 1.33 0.22 0.41 0.00 0.27 0.46 0.00 0.18 0.35
-0.22 2.04 0.27 0.46 1.33 0.18 0.35 0.00 0.23 0.40 0.00 0.15 0.30
-1.0 0.0 1.58 0.24 0.35 1.07 0.18 0.27 0.00 0.20 0.28 0.00 0.14 0.21
1.6 -0.22 1.58 0.20 0.30 1.07 0.15 0.23 0.00 0.17 0.24 0.00 0.12 0.18
0.0 0.0 1.58 0.33 0.55 1.07 0.24 0.43 0.00 0.26 0.44 0.00 0.17 0.33
-0.22 1.58 0.28 0.47 1.07 0.20 0.37 0.00 0.22 0.37 0.00 0.15 0.29
-1.0 0.0 1.57 0.36 0.52 1.04 0.26 0.40 0.00 0.30 0.44 0.00 0.21 0.33
0.50 2.3 -0.22 1.57 0.30 0.45 1.04 0.22 0.34 0.00 0.26 0.38 0.00 0.18 0.28
0.0 0.0 1.57 0.49 0.81 1.04 0.34 0.63 0.00 0.40 0.68 0.00 0.26 0.51
-0.22 1.57 0.41 0.70 1.04 0.29 0.54 0.00 0.34 0.59 0.00 0.22 0.44
-1.0 0.0 1.13 0.39 0.57 0.74 0.28 0.43 0.00 0.34 0.50 0.00 0.24 0.37
3.0 -0.22 1.13 0.33 0.49 0.74 0.24 0.37 0.00 0.29 0.43 0.00 0.20 0.32
0.0 0.0 1.13 0.53 0.89 0.74 0.36 0.68 0.00 0.45 0.77 0.00 0.29 0.58
-0.22 1.13 0.45 0.76 0.74 0.31 0.59 0.00 0.38 0.67 0.00 0.25 0.50
-1.0 0.0 1.00 0.29 0.41 0.68 0.21 0.32 0.00 0.23 0.33 0.00 0.16 0.25
1.6 -0.22 1.00 0.24 0.35 0.68 0.18 0.28 0.00 0.20 0.28 0.00 0.14 0.21
0.0 0.0 1.00 0.39 0.64 0.68 0.28 0.50 0.00 0.31 0.51 0.00 0.20 0.39
-0.22 1.00 0.33 0.55 0.68 0.24 0.43 0.00 0.26 0.44 0.00 0.17 0.34
-1.0 0.0 1.00 0.42 0.62 0.66 0.31 0.47 0.00 0.36 0.52 0.00 0.25 0.39
0.65 2.3 -0.22 1.00 0.36 0.53 0.66 0.26 0.41 0.00 0.30 0.44 0.00 0.22 0.33
0.0 0.0 1.00 0.58 0.96 0.66 0.40 0.74 0.00 0.47 0.81 0.00 0.31 0.61
-0.22 1.00 0.49 0.83 0.66 0.34 0.64 0.00 0.40 0.69 0.00 0.27 0.52
-1.0 0.0 0.72 0.46 0.67 0.47 0.33 0.51 0.00 0.40 0.59 0.00 0.28 0.43
3.0 -0.22 0.72 0.39 0.58 0.47 0.28 0.44 0.00 0.34 0.50 0.00 0.24 0.38
0.0 0.0 0.72 0.62 1.05 0.47 0.43 0.80 0.00 0.53 0.91 0.00 0.35 0.69
-0.22 0.72 0.53 0.90 0.47 0.36 0.69 0.00 0.45 0.79 0.00 0.29 0.59
-1.0 0.0 0.53 0.32 0.47 0.36 0.24 0.36 0.00 0.26 0.37 0.00 0.19 0.28
1.6 -0.22 0.53 0.27 0.40 0.36 0.20 0.31 0.00 0.22 0.32 0.00 0.16 0.24
0.0 0.0 0.53 0.44 0.73 0.36 0.31 0.57 0.00 0.34 0.58 0.00 0.23 0.44
-0.22 0.53 0.37 0.62 0.36 0.27 0.49 0.00 0.29 0.50 0.00 0.20 0.38
-1.0 0.0 0.52 0.48 0.69 0.35 0.35 0.53 0.00 0.41 0.58 0.00 0.29 0.44
0.80 2.3 -0.22 0.52 0.41 0.59 0.35 0.30 0.46 0.00 0.34 0.50 0.00 0.24 0.38
0.0 0.0 0.52 0.65 1.08 0.35 0.45 0.84 0.00 0.53 0.91 0.00 0.35 0.69
-0.22 0.52 0.55 0.93 0.35 0.39 0.72 0.00 0.45 0.78 0.00 0.30 0.59
-1.0 0.0 0.38 0.52 0.76 0.25 0.38 0.58 0.00 0.46 0.66 0.00 0.32 0.49
3.0 -0.22 0.38 0.44 0.65 0.25 0.32 0.50 0.00 0.39 0.57 0.00 0.27 0.42
0.0 0.0 0.38 0.70 1.18 0.25 0.48 0.91 0.00 0.60 1.03 0.00 0.39 0.77
-0.22 0.38 0.59 1.02 0.25 0.41 0.78 0.00 0.51 0.89 0.00 0.33 0.67
Note. — fbin is fraction of binary systems and α, β, and γ are parameters for the priors on the initial mass, log10MZAMS, initial mass ratio,
qZAMS, and initial orbital period, Porb, respectively (see Eqs. 1, 2, and 3). SN IIb rate is defined as fraction of SNe IIb vs all CC SNe percent.
Values in boldface are for our fiducial values of fbin, α, β, and γ and fiducial definition of SN IIb progenitors (see Section 3).
(1) MHe core ≡MHe core,preSN(,1): Residual hydrogen envelope mass in the progenitor at CC
(2) MH env ≡MH env,preSN(,1) : Helium core mass of the progenitor at CC
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Figure 8. Left: H-R diagrams showing evolution of representative solar- (top) and low- (bottom) metallicity binary-star models to core
silicon exhaustion. Line colors and weights have the same meaning as in Figure 3. Right: Evolution of primary hydrogen envelope (solid
line) and helium core mass (dashed line) as a function of binary age for the corresponding models on the left. In all panels, crosses (stars)
denote the point carbon (silicon) is exhausted in the core of the corresponding binary component. The properties of all models have
converged to those very near CC by the fiducial evolutionary stopping criterion used in this work.
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Table 4
SN IIb rates at low metallicity
MHe core ≥ 0M 2M ≤MHe core ≤ 6M
MH env ≤ 1.0M MH env ≤ 0.5M MH env ≤ 1.0M MH env ≤ 0.5M
fbin α β γ single binary single binary single binary single binary
 = 0.5  = 0.1  = 0.5  = 0.1  = 0.5  = 0.1  = 0.5  = 0.1
-1.0 0.0 2.19 0.41 1.67 – 0.34 1.55 0.00 0.32 1.34 0.00 0.29 1.28
1.6 -0.22 2.19 0.40 1.60 – 0.34 1.51 0.00 0.32 1.30 0.00 0.30 1.25
0.0 0.0 2.19 0.65 2.16 – 0.56 1.98 0.00 0.52 1.71 0.00 0.48 1.61
-0.22 2.19 0.64 2.07 – 0.57 1.92 0.00 0.52 1.66 0.00 0.49 1.57
-1.0 0.0 1.25 0.62 2.52 – 0.53 2.36 0.00 0.52 2.12 0.00 0.47 2.02
0.25 2.3 -0.22 1.25 0.62 2.43 – 0.54 2.29 0.00 0.52 2.06 0.00 0.48 1.97
0.0 0.0 1.25 0.99 3.25 – 0.88 3.00 0.00 0.84 2.70 0.00 0.79 2.54
-0.22 1.25 0.99 3.13 – 0.89 2.91 0.00 0.85 2.62 0.00 0.80 2.48
-1.0 0.0 0.51 0.70 2.79 – 0.61 2.62 0.00 0.61 2.43 0.00 0.56 2.32
3.0 -0.22 0.51 0.70 2.69 – 0.62 2.55 0.00 0.61 2.37 0.00 0.57 2.27
0.0 0.0 0.51 1.12 3.59 – 1.01 3.32 0.00 0.99 3.10 0.00 0.93 2.91
-0.22 0.51 1.12 3.45 – 1.03 3.22 0.00 1.00 3.01 0.00 0.95 2.84
-1.0 0.0 1.46 0.68 2.78 – 0.57 2.59 0.00 0.53 2.23 0.00 0.49 2.13
1.6 -0.22 1.46 0.67 2.67 – 0.57 2.51 0.00 0.54 2.17 0.00 0.50 2.08
0.0 0.0 1.46 1.08 3.61 – 0.93 3.30 0.00 0.86 2.85 0.00 0.81 2.68
-0.22 1.46 1.07 3.46 – 0.95 3.20 0.00 0.87 2.76 0.00 0.82 2.62
-1.0 0.0 0.83 1.04 4.20 – 0.89 3.93 0.00 0.86 3.53 0.00 0.79 3.36
0.50 2.3 -0.22 0.83 1.03 4.05 – 0.90 3.82 0.00 0.87 3.43 0.00 0.81 3.29
0.0 0.0 0.83 1.66 5.42 – 1.46 5.00 0.00 1.39 4.50 0.00 1.31 4.23
-0.22 0.83 1.65 5.21 – 1.49 4.84 0.00 1.41 4.36 0.00 1.34 4.13
-1.0 0.0 0.34 1.17 4.64 – 1.02 4.37 0.00 1.02 4.06 0.00 0.94 3.86
3.0 -0.22 0.34 1.16 4.49 – 1.04 4.25 0.00 1.02 3.94 0.00 0.96 3.78
0.0 0.0 0.34 1.87 5.98 – 1.68 5.53 0.00 1.64 5.17 0.00 1.55 4.86
-0.22 0.34 1.87 5.76 – 1.71 5.37 0.00 1.66 5.01 0.00 1.58 4.74
-1.0 0.0 1.02 0.81 3.28 – 0.67 3.06 0.00 0.63 2.64 0.00 0.57 2.52
1.6 -0.22 1.02 0.79 3.16 – 0.68 2.97 0.00 0.63 2.56 0.00 0.59 2.46
0.0 0.0 1.02 1.28 4.26 – 1.10 3.90 0.00 1.02 3.37 0.00 0.95 3.17
-0.22 1.02 1.27 4.08 – 1.12 3.78 0.00 1.03 3.26 0.00 0.97 3.09
-1.0 0.0 0.58 1.23 4.96 – 1.05 4.65 0.00 1.02 4.17 0.00 0.93 3.98
0.65 2.3 -0.22 0.58 1.22 4.78 – 1.07 4.51 0.00 1.03 4.05 0.00 0.95 3.89
0.0 0.0 0.58 1.96 6.41 – 1.73 5.90 0.00 1.65 5.32 0.00 1.55 5.00
-0.22 0.58 1.95 6.16 – 1.76 5.72 0.00 1.67 5.16 0.00 1.58 4.88
-1.0 0.0 0.24 1.38 5.49 – 1.21 5.16 0.00 1.20 4.79 0.00 1.11 4.57
3.0 -0.22 0.24 1.37 5.31 – 1.23 5.02 0.00 1.21 4.66 0.00 1.13 4.46
0.0 0.0 0.24 2.21 7.07 – 1.99 6.54 0.00 1.94 6.11 0.00 1.83 5.74
-0.22 0.24 2.21 6.80 – 2.02 6.35 0.00 1.96 5.92 0.00 1.87 5.60
-1.0 0.0 0.58 0.91 3.70 – 0.76 3.45 0.00 0.71 2.98 0.00 0.65 2.84
1.6 -0.22 0.58 0.90 3.57 – 0.77 3.35 0.00 0.71 2.89 0.00 0.66 2.77
0.0 0.0 0.58 1.44 4.81 – 1.24 4.40 0.00 1.15 3.80 0.00 1.07 3.58
-0.22 0.58 1.43 4.61 – 1.26 4.26 0.00 1.16 3.68 0.00 1.10 3.49
-1.0 0.0 0.33 1.39 5.59 – 1.19 5.24 0.00 1.15 4.71 0.00 1.05 4.49
0.80 2.3 -0.22 0.33 1.37 5.40 – 1.20 5.09 0.00 1.16 4.57 0.00 1.08 4.38
0.0 0.0 0.33 2.21 7.23 – 1.95 6.66 0.00 1.86 6.01 0.00 1.75 5.64
-0.22 0.33 2.20 6.95 – 1.98 6.46 0.00 1.88 5.82 0.00 1.78 5.50
-1.0 0.0 0.14 1.56 6.19 – 1.36 5.82 0.00 1.35 5.41 0.00 1.25 5.15
3.0 -0.22 0.14 1.55 5.99 – 1.38 5.67 0.00 1.36 5.26 0.00 1.27 5.04
0.0 0.0 0.14 2.49 7.97 – 2.24 7.38 0.00 2.19 6.90 0.00 2.06 6.47
-0.22 0.14 2.49 7.68 – 2.28 7.16 0.00 2.21 6.68 0.00 2.11 6.31
Note. — Table notes and notation same as in Table 3.
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